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Abstract: Contamination by heavy metals is the global concern now-a-days. But the management of these
heavy metals problems by stabilization/solidification is the most effective technique for controlling metal
pollution in the soil. However, this research studies the immobilization efficiency of various phosphates-based
binders (Na;PO,, Na,HPO,, NaH,PO,), which also includes Ordinary Portland Cement (OPC), MgO, and CaO
for stabilizing multi-metal contaminated soils. Moreover, the current study focused on the leachability of heavy
metals (Cu, Ni, Zn, Pb, Cd, Mn) over different time periods and with different concentrations. Therefore, batch
leaching tests experiment were conducted to determine the leaching ratio and percentage of various metal
concentrations along with measuring the pH values of the leachates. Our study results indicate that OPC
validates because of its superior immobilization across all metals present in the soil, but more specifically the
metals with high concentrations and also owing to the formation of stable hydroxides and high pH which
assists in abating metal solubility. Additionally, phosphate-based binders, though are environmentally
favorable, but disclosed less effectiveness, particularly for Pb and Cu, whereas, leaching beats non-hazardous
waste limits. Conversely, MgO also offer a reasonable immobilization but was less effective as compared to
OPC, while on the other hand, CaO exhibited and found to be an increased leaching over time. Therefore, this
research highlights OPC's as a more suitable for soil remediation wherever structural and contamination
control is essential. Despite the fact, phosphate-based binders are found to be more appropriate for eco-
friendly, non-load-bearing applications.

Keywords: stabilization/solidification; multi-metal contamination; phosphate-binders; leachates

Introduction

Soil contamination and serious environmental issues caused by multiple kinds of heavy metals
are a serious concern globally. Now-a-days every country is caught by environmental issues either
its developed or not. Many industrial and other anthropogenic actions for instance mining, smelting,
manufacturing of various new products, and combined with improper throwing away of hazardous
toxic wastes and effluents [1], have directed the extensive distribution of toxic metals such as copper
(Cu), lead (Pb), Manganese (Mn), zinc (Zn), and cadmium (Cd) in soils [2]. However, the lethal impact
caused by them proposed a serious risk to ecosystems and human health because they have ability
to survive in the environment, have nature of continuity, potential bioaccumulation, and toxicity
issues [3]. Therefore, many remediation strategies are developed to control this pollution on
commercial scale.

Traditional remediation methods are one of the methods includes excavation/digging and off-
site disposal of the wastes can be overpriced and impractical for large-scale commercial applications
of this remediation [4]. Consequently, a remediation method named as “in-situ stabilization and
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solidification (S/S) techniques” also known as: green technique” that can transform the noxious and
most hazardous waste in to a thermodynamically stable material [5] as it is found to be effective,
economical, and most significantly is environmentally friendly solution for not only immobilizing
contaminants but also reducing their bioavailability in contaminated soils [6].

Nevertheless, while directing towards stabilization/solidification, are described as remediation
technology that involves the amalgamation of chemical binders into contaminated soil in order to
reduce the agility of pollutants by physical encapsulation method (solidification) or by chemical
transformation (stabilization) [4]. Moreover, except of mitigating the pollutants by immobilization
this technique also improves the soil structural composition. Recent literature and innovations also
focus more on the creation of novel binders, enough capable of efficiently stabilize numerous metals
and their various forms, ensuring its long-term durability, and enhances its mechanical strength
under different environmental conditions. Several studies investigated the number of varieties of
binders that are known for their effectiveness and efficient capability in stabilizing multi-metal
contaminated soils [7]. But the most globally known binder named as Ordinary Portland cement
(OPC) has been proven due to its effectiveness in immobilizing heavy metals [8] by hydration
reaction mechanism that form stable compounds [9]. Though, the substitute binders have been
prompted while considering about its environmental impact in particular with significantly high
carbon dioxide emission during the production and potential leaching of various metals over time
has driven the investigations of alternative binders.

Besides, magnesium oxide (MgO) and calcium oxide (CaO) also are most investigated binders
for their potential to promote soil stabilization [10] because of having propensity to create insoluble
metal hydroxides when they react with pollutants and soil moisture. In addition, these binders offer
certain benefits as their effectiveness may be restricted by multiple factors like maintaining pH, and
the establishment of the most inclusive reactions products that can compromise the soil veracity [11].
Therefore, keeping in view these subjects, phosphate-based binders are emerged as the most
promising substitute for the reason that they have the ability to make stable, less soluble metal-
phosphate compounds [12]. The most commonly investigated phosphate bounded compounds
includes sodium phosphates (Na;PO,), monosodium phosphate (NaH,PO,), and disodium
phosphate (Na,HPOy). But, the main reason for the addition of phosphate binders to contaminated
soils is to encourage the development of metal-phosphate precipitates, which significantly lessens
metals like (Pb, Zn, Mn and Cd) mobility and leachability [13] by creating stable compounds such as
pyromorphite (Pbs(PO,)sCl), which are resistant to dissolution under acidic environments.

Previous studies have showed that the phosphate-based binders” have adequate strength and
potential for immobilizing metals. Even this research gaps with their commercial implication were
kept away from the attention of the researchers. Countless studies focused on the stabilization of
individual metals or on a particular metal group, but the phosphate binders with their efficient
potentials was kept less explored in field of scientific research. Nonetheless, these binders have
substantial long-term effect on a range of various environmental zones including variations in pH,
fluctuation among microbial fraternity, and moisture contents [14]. Additionally, a very limited
knowledge related to efficiency of multiple phosphate compounds in stabilizing multi metals systems
as compared to other compounds as well as their impact on soil pH, potentially toxic secondary
pollution and other mechanical properties.

Furthermore, this study mainly focuses on addressing 1) the influence of different phosphate-
based binders (NasPOs, Na,HPO, NaH,PO,) on the leachate pH and UCS of multi-metal
contaminated soils, 2) To assess the efficiency of phosphate-based binders in immobilizing heavy
metals by evaluating the stabilization/solidification activities such as Pb, Cd, Zn, and Cu in
comparison to traditional binders like OPC, MgO, and CaO, and 3) To study the long-term stability
and leachability mechanism of metals from treated soils under various environmental conditions.

Thenceforth, the study additionally investigates the interaction between binders’ types and
metals contaminants to elucidates the chemical and physical processes for stabilization and leaching.
Through this research, we aim to contribute to the development of effective, sustainable, and
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economically viable strategies for managing heavy metal contamination in soils, thereby protecting
human health and the environment.

Materials and Methods

Materials Collection

Kaolin and sand were used to represent sandy soil. The artificial multi-metal soil contamination
was made with Zinc Nitrate hexahydrate Zn (NOs):6H20, manganese (II) nitrate hexahydrate Mn
(NOs)226H20, cadmium nitrate tetrahydrate Cd (NOs)24H20, nickel (II) nitrate hexahydrate Ni
(NOs)2:6H20, copper (II) nitrate trihydrate Cu (NOs)2-3H20 and lead (II) and lead (II) nitrate Pb (NOs)2
with the concentration of 1000 mg/kg or 2000 mg/kg for each metal, nickel (II) nitrate hexahydrate
(Ni(NOs)2.6H20, copper(Il) nitrate trihydrate Cu(NOs)2-3H20 and lead(II) nitrate (Pb(NOs)2 with the
concentration of 1000 mg/kg or 2000 mg/kg for each metal contamination and distilled water was
used to make solutions.

Moreover, three phosphate salts (NasPOs, Na2HPOs and NaH2POs) were used as binders and
their S/S performance for the various metal contaminated soil was also compared with an Ordinary
Portland Cement (OPC) commonly known as conventional binder and two alkali additives (MgO
and CaO) were also added. On the other hand, the source of OPC (CEM I 52.5 R) was Buildmate Pte
Ltd. located in Singapore. Meishen Chemical Co. Ltd., Xingtai, China, sold MgO containing 46-second
reactivity [15]. Furthermore, for more analysis we also bought CaO (puriss grade) from Sigma-
Aldrich Pte Ltd. in Singapore. The physicochemical properties of kaolin and OPC were followed by
[16]. Sand to kaolin ratio was established at 9:1. Before the artificial dry soil was put into split PVC
molds (100 mm in height and 50 mm in diameter), it was thoroughly mixed with 5% additives and
7.5% water. After that, the specimens were sealed in plastic bags and allowed to cure for seven and
eighteen days at 25°C and 95% humidity in a storage chamber.

Experimental Methodology

After curing, the samples were demolded and their mechanical strength was measured using
the Unconfined Compressive Strength (UCS) test conducted with two instruments (ELE digital tritest
and Wykeham Farrance WF10026 TRITECH10 with maximum capacity of 20 kN and 10 kN,
respectively) at a constant rate of 1.0 mm/min in triplicate considering quality assurance. After that
the batch leaching tests were conducted according to [17]. For further specific analysis of this
crushed freeze-dried sample, having particle size less than 4mm were mixed with 900 mL distilled
water in a 2 L polypropylene plastic bottle. Later, the mixture's pH was determined after being
circulated for 24 hours at a speed of 8 revolutions per minute on VELP Scientifica Overhead Mixer
Rotax 6.8) by using pH instrument named (Mettler Toledo Sevencompact S220). The mixture was
then filtered using a 0.45 pum membrane syringe filter and then determined the total metal
concentration using PerkinElmer Optima 8300 Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) or PerkinElmer Elan DRC-e Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) instruments.

Subsequently, it’s been important to highlight that the threshold for metal concentration
characterization using ICP-MS is 1 part per billion (ppb) and for ICP-OES the value ranges upto 0.1
mm. Experimental procedures were performed in triplicate, and blank experiments were undertaken
under the same conditions as described in our previous study [18]. In addition, the residual crushed
samples were desiccated using a freezing-vacuum drier and then pulverized to achieve a particle size
below 0.075 mm for study of their microstructure, including X-ray diffraction (XRD), Fourier
Transform Infrared Spectroscopy (FTIR), and thermogravimetric analysis (TGA). The X-ray
diffraction (XRD) was conducted using the Bruker D8 X-ray diffractometer equipped with a Cu Ka
source operating at 40 kV and 40 mA. The TGA experiment was performed with the PerkinElmer
TGA 4000 instrument, heating the sample from 30 to 900°C at a rate of 10°/min in a N2 atmosphere.
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Results and Discussion

Unconfined Compressive Strength (LICS)

The unconfined compressive strength (UCS) values of multi-metal polluted soil treated with
different phosphate-based binders and additives, including Ordinary Portland Cement (OPC),
magnesium oxide (MgO), and calcium oxide (CaO), are depicted in (Figure 1). The values of UCS are
expressed in kilopascals (kPa). The treatments are evaluated at two distinct concentrations (1000 parts
per million and 2000 parts per million) and two different curing durations (7 days and 28 days).
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Figure 1. UCS values of multi-metal contaminated soil treated with phosphate-based binders
compared with OPC, MgO and CaO.

The present study results and key observations of binders in comparison
between monosodium phosphate, disodium phosphate, and trisodium phosphate,
are explained as; monosodium phosphate (NaH,PO;) has the lowest Unbound Colloidal Solids
(UCS) values among the polyphosphate-based binders. This value exhibits an uncertain rise with
concentration and curing time, although they are notably lower than those seen for NasPO, and
NazHPO,. While, on the other hand, disodium phosphates Na,HPO,) displays lower water content
saturation (UCS) values in comparison to NasPO,. A clear correlation exists between higher
concentration and longer curing time and an increase in UCS, albeit the values remain somewhat
modest. Besides, the compound Trisodium Phosphate (NasPOs) has intermediate Unconfined
Compressive Strength (UCS) values, with greater strength recorded at 2000 ppm compared to 1000
ppm for curing periods of 7 and 28 days. Strength rises proportionally with extended cure duration.

Additionally, in comparison with OPC, MgO, and CaO our results depicted that
ordinary Portland Cement (OPC) exhibits the highest Unconfined Compressive Strength (UCS)
values as compared to all other binders that were examined. These values show a notable rise at 2000
ppm after 28 days of curing, reaching about 500 kPa. These findings suggest that Ordinary Portland
Cement (OPC) is very efficient in enhancing the structural integrity of the polluted soil. Moreover,
magnesium Oxide (MgO) has moderate Unconfined Compressive Strength (UCS) values, surpassing
those of Na,HPO, and NaH,PO, but falling short of Na;PO4 and OPC [19]. However, its strength rises
proportionally with both increased concentration and extended cure duration. Calcium Oxide (CaO)
also exhibits moderate Unconfined Compressive Strength (UCS) values, as compared to MgO,
whereby its strength gradually increases with time and higher concentrations. While the unconfined
compressive strength (UCS) values of CaO are often lower than those obtained with OPC [20].

Though, while discussing about the effect of concentration of UCS for all the binders rise when
the concentration becomes double from 1000-2000 ppm. This trend suggests that binder’s
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concentration and soil strengthen capacity are directly proportional to each other, when the binder’s
concentration increases it also increases soil strength [20]. On the other hand, for all phosphates-based
binders the value of UCS is greater at 28 days as compared to 7 days. This comparison significantly
expresses the extended curing duration enables and increases the interactions of chemical reactions
which consequences greater soil strength.

Henceforth, the logical reasoning behind the effectiveness of binders, phosphate-based binders,
MgO and CaO oxides performances and their implications are of great importance for stabilizing
contaminated soil. Besides, when compared to alternative binders, OPC greatly improves the UCS
of soil that is polluted with several metals. Whereas, soil contamination can be efficiently stabilized
by OPC due to its hydraulic properties and pozzolanic reactions. Following the findings of the current
study it seems that, OPC is the best binder for making soil stronger and more robust, especially in
cases when pollution is substantially higher. Following 28 days at a concentration of 2000 ppm, OPC
exhibits the highest unconfined compressive strength (UCS) values, approaching 500 kPa. While, on
the other hand, the pozzolanic and hydraulic properties of OPC are well-known and are responsible
for its exceptional performance [21]. Important binding strength is provided by calcium hydroxide
and calcium silicate hydrates (C-S-H) that are formed when OPC is hydrated. Therefore, according
to the high UCS values, OPC has the ability to encapsulate metal pollutants, which could make them
less mobile and less likely to leach. Because of this, OPC is an excellent binder for contaminated site
cleanup and other similar applications that call for soil stabilization and pollutant immobilization
[22].

Additionally, in compared to Na,HPO, and NaH,PO,, NasPO, is the most effective phosphate-
based binder containing the ability to raise UCS, NasPO, may also proposed stabilization in the form
of more stable complexes or precipitates formed by chemical interactions with metal impurities. Since
phosphate-based binders aren't as powerful as OPC, therefore they possibly might not be enough to
drastically increase strength on their own, but they could be useful in immobilizing some
contaminants because of their capacity to react with water and produce binding phases, certain
oxides (such as Mg(OH), and Ca(OH),) [23]. Although phosphate-based binders and MgO/CaO can
enhance the UCS of polluted soil, whereas the results confirms that OPC is the superior choice,
particularly for uses that demand strong soil. The selection of a binder for soil stabilization should,
however, take environmental factors like leachability and OPC's effect on the environment into
account.

With moderate UCS values, we find MgO and CaO. These binders work as binding agents
because, when combined with water, they generate Mg(OH), and Ca(OH),. This is why they boost
strength by filling voids and cementing soil particles together. These hydroxides also increase the
pH, promoting the precipitation of metal hydroxides, which aids in contaminant stabilization. [24].
Due to its sluggish hydration process, MgO is renowned for its ability to cause a modest but steady
increase in strength. In contrast, calcium oxide has a faster reaction time to produce calcium
hydroxide, which helps boost initial strength [25]. Although their UCS effectiveness is lower than
that of OPC, they can nevertheless contribute to soil stabilization, particularly when mixed with other
binders. More binders may accelerate chemical reactions, making soil matrices denser and stronger
[26]. However, increasing binder concentration may raise treatment costs and environmental
impacts, such as OPC carbon emissions.

Similarly, the strength of soil samples increases significantly with extended curing time, from
7 days to 28 days. This is expected as curing time allows for more complete hydration and pozzolanic
reactions, which are critical for the development of strength in cementitious materials. Longer curing
periods facilitate the formation of more stable and crystalline structures, enhancing the UCS. For
OPC, extended curing allows for more C-S-H to form, while for phosphate-based binders, longer
curing may allow more complete complexation reactions. This observation underscores the
importance of allowing adequate time for chemical stabilization processes to occur in remediation
projects.
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Leachability

Leachability is the very important and key factor referring to the potential contaminates to be
released in to the environment when visible to other solvents. Typically, high pH defines the
reduction in leaching when used with other phosphates binders. Leachate pH values of multi-metal-
contaminated soil treated with phosphate-based binders (NasPO,, Na,HPO,;, NaH,PO,) and other
common binders (OPC, MgO, CaO) at 1000 and 2000 ppm concentrations and 7 and 28 days curing
times are shown in the (Figure 2).
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Figure 2. Leachate pH values of multi-metal contaminated soil treated with phosphate-based binders
compared with OPC, MgO and CaO.

However, the graph shows that both Na;PO, and Na,HPO, both exhibits a high pH value
approximately abovel0, which strongly shows the alkalinity but the pH becomes high at 28 days 2000
ppm concentration. Similarly, NaH,PO; demonstrate significantly lower pH ranges from 4-5
signifying its acidic conditions. Besides, OPC, MgO, and CaO binders upholds high pH values above
9 which reflects its alkaline nature in compared to OPC and CaO which represents the highest pH
stability. The reason behind high pH levels for Na;PO, and Na,HPO, suggested their effectiveness
and efficiency in immobilizing metals via precipitation method under alkaline conditions which
further enhances the stabilization of multi-metal contaminants. However, the acidic nature of
NaH,PO, may specified the limited metal immobilization potential as compared to other binders.
Besides, OPC, MgO, and CaO additionally maintains strong alkalinity [27], typical for these binders,
which supports their known capability in metal stabilization by raising pH.

Furthermore, the leached lead (Pb) concentrations from multi-metal-contaminated soil treated
with several binders (NasPO,, Na,HPO,, NaH,PO,, OPC, MgO, and CaO) at 1000 and 2000 ppm
concentrations and 7 and 28 days curing durations are shown in the (Figure 3). The comparison
includes non-hazardous and inert waste regulatory limits. Though, the graph explains that NasPO,
somewhat reduced the leached Pb concentration drops with the passage of time within the range of
1000-2000 ppm while making in comparison between (Na,HPO, + NaH,POy) and OPC and MgO the
strength of reduction of Pb concentration is significantly higher below the waste limit rather than
OPC and MgO which further reduces Pb concentration moderately below the hazardous limits [28].
Logical reason behind NaH,PO, highest Pb immobilization potential, is due to its acidic nature
promoting metal bonding or stable complexes[29] which effectively reduced by NasPO, and
Na,HPO,, though Pb remains above the inert waste limit. Besides, OPC and MgO temperately
stabilizes owing to their pH-buffering abilities. While CaO's high leachability indicates poor Pb
stabilization, which further limits Pb immobilization under these conditions.
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Figure 3. Leached Pb concentration of multi-metal contaminated soil treated with phosphate-based
binders compared with OPC, MgO and CaO.

Additionally, the graph as shown in (Figure 4) represents the leached copper concentration from
various compounds like NasPO,, Na,HPO,, NaH,PO, OPC, MgO, and CaO at 1000-2000 ppm
concentration for 7 and 28 days. Results revealed that among different sodium phosphate compounds
Na3PO, and Na,HPO, confirms the high Cu leaching when it surpasses the limit for non-hazardous
waste range from 100mg/kg. It's due to the phosphate compound which make many insoluble metal-
phosphate complexes which assists in stabilization [30,31]. According to our study results the
mechanism of phosphorous is due to generation of less stable and soluble copper phosphates
complexes which varies due to the significant variations in degree of dissociation in water and reduce
its ability to bind with copper ions [32]. Likewise, MgO and CaO also demonstrates the high leaching
over time and concentration. Whereas, MgO shows a moderate effect on Cu leaching mostly below
hazardous limit [22]. While, Cao approaches slightly exceeds the limit for 2000 ppm at 28 days. It’s
because they have the ability to increase the pH which leads to precipitation of copper hydroxide
layers having the capability to bind metals like copper on its surface.
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Figure 4. Leached Cu concentration of multi-metal contaminated soil treated with phosphate-based
binders compared with OPC, MgO and CaO.
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Similarly for nickel the leaching trend is relatively higher at 2000 ppm after 28 days showing
highest leaching as described in (Figure 5). OPC on the other hand represents decline trend of
leaching at 2000 ppm after 28 days. But, MgO and CaO exhibits significantly moderate trend and
surpasses the inert waste limit after 28 days. Th reason behind phosphate compounds results shows
the same reason for cadmium with making highly insoluble complexes which leads to significant
leaching [33]. Similar behavior trend was observed for OPC which lower down the Ni concentration
due to cementitious matrix creates a physical barrier around Ni ions. Furthermore, OPC’s has high
pH which is less soluble and immobilize Ni. Additionally, MgO and CaO shows relative moderate
Ni leaching due to its ability to make alkaline environment which aids Ni hydroxide precipitation
and diminishes slightly at 28 days. It's may be due to carbonation which reduces the pH and
destabilizes Ni compounds making them more soluble [34].
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Figure 5. Leached Ni concentration of multi-metal contaminated soil treated with phosphate-based
binders compared with OPC, MgO and CaO.

Onwards to Zinc leaching, results of the present study explain that NasPO, and NaH,PO,
particularly high leaching at 2000 ppm after 28 days as shown in (Figure 6). While Na,HPO, shows
lower zinc leaching as compared to other phosphates compounds which still exceeds the inert waste
limit of 2mg/kg at both concentrations. Besides, OPC also shows lower leaching level after 28 days
which indicates strong immobilization. But, MgO and CaO exhibits relatively higher leaching value
at 28 days. Reason behind phosphoric compounds leaching it’s not effectively immobilized Zn. It
occurs maybe due to its intermediate dissociation. Moreover, leaching by MgO and CaO creates
alkaline environment for immobilizing metals (Wang et al., 2020).
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Figure 6. Leached Zn concentration of multi-metal contaminated soil treated with phosphate-based
binders compared with OPC, MgO and CaO.

As well, the results of cadmium high leaching have been observed among all three phosphates
compounds, along with slightly better performance from Na,HPO, which exceeds the inert waste
limit up to 2mg/kg as illustrated in (Figure 7). OPC on the other hand gives very superb performance
with cadmium leaching below the inert waste limit transversely all conditions. Likewise, MgO and
CaO shows high cadmium leaching specifically at 2000 ppm after 28 days. Logical reasoning behind
Na,HPO, best performance is due to insoluble cadmium phosphate complexes for its immobilization.
High leaching in cadmium is due to the unstable complexes or might be the soluble at present
conditions. However, the variations among three phosphates groups are due to the fluctuation in pH
and long exposure which shows strong immobilization for cadmium. MgO and CaO also relies on
increasing the pH to immobilize cadmium through hydroxide precipitation i[36]]. The reason behind Commented [M1]: References should be cited in order, and
it might be due to reduction in pH with the passage of time which further leads to cadmium
hydroxides and increases cadmium stability [37].

ref. 36 is after ref. 34, please revise.
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Figure 7. Leached Cd concentration of multi-metal contaminated soil treated with phosphate-based
binders compared with OPC, MgO and CaO.

Manganese leaching become high with three phosphates compounds which suggests that
manganese complexation is weak or unstable under this experimental condition. Manganese has
different nature than other metals by not having strong insoluble complexes with phosphates at high
pH as illustrated in (Figure 8). OPC is low in leaching is due to its ability to generate highly alkaline
environment which promotes manganese hydroxides having low solubility in this condition.
Moreover, MgO and CaO on the other hand performs better but still allows manganese leaching for
longer period of time Manganese helps to rise pH which further assists to precipitate Mn(OH)2 but
its immobilization capacity weakens with period of time [38]. Though leaching increases with the
passage of time especially for NasPOs, NaH,PO, MgO, and CaO. This recommends the initial
immobilization mechanisms which may degrade or release more manganese in to the environment.
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Figure 8. Leached concentrations of Cu (a), Ni (b), Zn (c), Cd (d), Mn (e) for multi-metal contaminated
soil treated with phosphate-based binders compared with OPC, MgO and CaO.

X-Ray Diffraction (XRD)

X-ray diffraction (XRD), also referred to as X-ray diffraction, is a very effective analytical method
employed for investigating the crystal structure of materials. This technique enables the identification
and characterization of several crystalline structures and phases within a sample by comparing the
diffraction pattern with established reference patterns. Thus, in the existing study XRD pattern and
the common Peaks at 20 = Approximately 25-30° signifies the majority of the samples, irrespective
of the binder employed, display a visible peak within the range of 25° to 30° as explains in the below
(Figure 9). However, this peak is most likely analogous to quartz, which is a prevalent mineral
present in soil, demonstrates that the fundamental mineral composition of the soil remains intact
even after treatment.

Intensity (counts)

""‘\——J\\\_NPAWNW w NaHZPO4
\'\—'}\"—/\/\’MW\,J\.A_)\_M NaZHPO4

B v o,

B0 Y ST T
MMJ\_.A/\AM CaO

5 10 15 20 25 30 35 40 45 50 55
2 Theta (degree)

Figure 9. XRD patterns for multi-metal contaminated soils treated with phosphate-based binders
compared with OPC, MgO and CaO.

Moreover, the spectra linked with NasPO,, NasHPO,, and NaH,PO, reveals well defined peaks
that are less prominent in the treatments involving MgO, CaO, or OPC. The distinct peaks observed
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suggest the development of particular mineral phases predominantly composed of phosphate. These
phases may be associated with the immobilization of metals by precipitation as metal-phosphate
complexes [39]. Additionally, the peaks in the OPC-treated soil are larger and less defined, indicating
the production of weakly crystalline calcium silicate hydrates (C-S-H), or amorphous phases, which
are characteristic of OPC. The complex and less ordered nature of OPC hydration products is
indicated by the absence of prominent peaks [40]. Additionally, while comparing various
phosphates-based binders (NaH,PO,, Na,HPO,, Na;POy) it’s found that the specific diffraction peaks
seen in these treatments indicate the development of solid mineral phases, most likely incorporating
different phosphate compounds. These phases have the potential to be advantageous in stabilizing
heavy metals by virtue of chemisorption or precipitation as insoluble phosphate salts [41].

Likewise, MgO and CaO binders have more sharp and defined peaks and crystalline structures
than Ordinary Portltand cement (OPC) due to their xrd patterns. However, these chemicals may aid
in the creation of several crystalline phases like brucite (Mg(OH).) and portlandite (Ca(OH),) in soils
treated with magnesium oxide (MgO) and calcium oxide respectively. The new peaks made by Cao
and MgO or by OPC treatments reveals phosphate binders which uniquely create metal-phosphate
complexes to immobilize metal like Pb, Cd, and Zn.

On the other hand, these phases additionally produce metal hydroxides containing high pH
settings which facilitates metal immobilization process. Similarly, wide peaks indicate the synthesis
of calcium hydroxide (Ca(OH)s), and calcium silicate hydrates (C-S-H) which are exceptional to
hydrated ordinary Portland cement because the physical encapsulation and chemical binding of
heavy metals depend on C-S-H phases.

Moreover, the logical reasoning behind these results includes that consistently all the samples
exhibit an obvious peak between 25° and 30°, irrespective of the binder employed. Whereas, this
particular peak is commonly accompanying to quartz (SiO,), which is a widely distributed mineral
present in various soil types due to its chemical stability and low treatment binder interaction (Wang
etal., 2017). While, the persistence of this peak after stabilization process not only suggests that quartz
remains the dominant and most visible phase in the treated soil matrix but also that the original
mineral composition is kept unchanged. This study findings that quartz is a persistent mineral phase
that strengthens soils even with diverse stabilizing agents i[43]. Duartz‘s resilience protects the soil Commented [M2]: References should be cited in order, and
matrix while allowing binders to interact with contaminants and other reactive soil elements.

Studies conducted by Du et al., (2014) have also documented similar results, demonstrating that
phosphate treatments successfully immobilized heavy metals in polluted soil sites. Insoluble
phosphate compounds, such pyromorphite (Pb(PO,)sCl), have made a significant contribution to
decreasing the mobility and bioavailability of heavy metals l[45], TThe efficiency of phosphate-based Commented [M3]: References should be cited in order, and
binders can be ascribed to their capacity to create durable, slowly dissolving metal-phosphate
complexes, which are less susceptible to leaching in different environmental circumstances.

ref. 43 is after ref. 41, please revise.

ref. 45 is after ref. 43, please revise.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR (Fourier Transform Infrared Spectroscopy) graph compares transmittance spectra for
multi-metal polluted soils treated with several phosphate-based binders (NaH,PO,, Na,HPO,,
NasPO,) to traditional binders such as MgO, CaO, and OPC (Ordinary Portland Cement) as explains
in the below (Figure 10). These spectra provide information on the functional groups and molecular
interactions in the treated soils.
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Figure 10. FTIR patterns for multi-metal contaminated soils treated with phosphate-based binders
compared with OPC, MgO and CaO.

In the present study, the FTIR spectra for all samples show a large absorption band about 3400
cm™ which is ascribed to O-H stretching vibrations. This indicates the existence of hydroxyl groups
(-OH), which indicate hydration processes or water molecules. However, the binders like OPC, CaO,
and MgO also expressed more pronounced bands, indicating the development of calcium silicate
hydrates (C-S-H) and other hydrated phases including portlandite (Ca (OH),) and brucite (Mg(OH)s).
Analogously, absorption bands observed at around 1640 cm*! (H-O-H) and these bending peaks on
this particular region are mostly caused by the bending vibrations of water molecules. The consistent
existence of these peaks in all samples confirms the essential function of hydration in the remediation
of polluted soils. The observed differences in phosphate-treated soils may be attributed to variances
in their levels of hydration or water retention capacities.

As well, phosphatic compounds NazPO,, Na,HPO,, and NaH,PO, in phosphorus-treated soils
show a distinct peak at 1000-1100 cm*!, which is the sign of the synthesis of metal phosphates, which
effectively bind heavy metals together. Whereas, the absence or weak peak of MgO, CaO, and OPC
spectra implies reduced phosphate interaction, which reveals another unique chemical property of
phosphate binders for immobilizing heavy metals. Additionally, the absorption bands made at 1400-
1500 ecm*! characterize C-O and O-C-O stretching pairs. The bands are more projecting in OPC, MgO,
and CaO samples and are connected to carbonates. Because the carbonate peaks propose carbonation
reactions, which are common in alkali base treatments. Similarly, bands at 500-700 cm*! represent M-
O stretching, indicating metal ions like Fe, Mg, and Ca. Metal oxides or metal-hydroxides can be
detected by metal-oxygen stretching vibrations in this range. These bands in soils treated with MgO,
CaO, and OPC help form metal oxide or hydroxide layers, immobilizing metals. Due to phosphate-
metal conjugates, phosphate treatments may affect metal-oxygen interactions.

Thenceforth, towards technical analysis discussion and deductive reasoning of FTIR results it
has been clearly shown that FTIR analysis of contaminated soils and the other soils treated with
phosphate-based binders, MgO, CaO, and OPC exposes the functional groups and molecular
interactions that immobilize metals. Additionally, the wide broad absorption bands at 3400 cm™ at
O-H stretching region among all samples specifies the O-H stretching vibrations, which often
connected to hydroxyl groups or water molecules. This further proposes that soil treatment chemical
activities produce hydroxide and hydrated mineral phases through hydration reactions. Calcium
silicate hydrate (C-S-H) phases and portlandite (Ca(OH),) in OPC-treated soils cause this band.
Moreover, MgO-treated soils produce brucite (Mg(OH).), which aids in heavy metal immobilization
by raising pH and facilitating metal hydroxide precipitation [46]. Similarly, other researchers have
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also found similar O-H stretching bands in cementitious materials used for heavy metal stability.
Moreover, a study found by Li et al., (2023) and confirms that C-S-H and brucite phases in cement-
based polluted soil treatments. These phases play a significant role for physical encapsulation and
chemical binding of lead and cadmium. Similarly, H-O-H Bending absorption bands at 1640 cm™! are
associated with the H-O-H twisting mode of water molecules which provides the status of water in
binder hydration processﬂ48ﬂ. Commented [M4]: References should be cited in order, and

Moreover, these observed peaks further suggests that bound water in the soil treatment-
generated hydrated phases. The severity of phosphate-based treatments depends on hydration and
phosphate binder, which affects water retention. These investigations found that hydration condition
considerably affects mechanical properties and durability of treated materials. Whereas, long-term
heavy metal immobilization in polluted soils requires good water retention and hydrated phases.
Whereas, the peaks at 1000-1100 cm™ for P-O stretching in phosphate groups shows the strong peaks
and stretching vibrations between phosphate group and oxygen atoms. These peaks imply the
production of phosphate-based chemical compound probably made due to metal-phosphate

ref. 48 is after ref. 46, please revise.

complexation. During this process heavy metals leaching reduced when they interact with phosphate
groups for producing stable, insoluble metal-phosphate minerals. Moreover, phosphate stabilizes
metals also as described in previous studies. In a study conducted by [49] explains that phosphorus
is a widely used remediation agent which has a high affinity for metals in soil. Analogous, absorption
bands at 1400-1500 cm*': C-O and O-C-O stretching vibrations for the samples treated with OPC,
MgO, and CaO which have substantial carbonate absorption bonds. These bands indicate
carbonation activities that may produce carbonate minerals like calcite (CaCOs). Therefore, a study
organized by [50] found that carbonating OPC and MgO-stabilized soils reduced lead and zinc
leachability, supporting the present FTIR studies. These bands in MgO, CaO, and OPC-treated soils
indicate metal hydroxides and oxides. These substances create metal precipitation sites and change
soil pH to create insoluble metal alloys, immobilizing metals [51].

Thermogravimetric Analysis (TGA)

Current study reveals the analysis and interpretation of TGA and DTG curves for metal-
contaminated soils treated with several binders of phosphate-based binders (NaH,POs, Na,HPO,,
Na3PO,) to regular binders like MgO, CaO, and OPC as shown in (Figure 11). These graphs compare
the TGA and DTG curves which explains that TGA measures the weight loss caused by temperature,
while, besides this, DTG measures the weight loss pace. A detailed analysis of the results follows the
main findings for Initial weight loss up to 200° is mainly due to evaporation of physically adsorbed
water and also by the dehydration process between loosely bound moisture particles. However, this
loss is constant across all the binders, which explains that the treated soils encompass similar amounts
of free and weakly bound water. Analogously, the same treatment occurred with MgO treated soil
and also signifies the weight loss of a DTG peaks at 400-500°C which assists to alter the form of
magnesium hydroxide (brucite, Mg(OH),) into MgO and water which decomposes at this
temperature.

Furthermore, numerous phosphate binders (NaH,PO, NaHPO, and Nas;PO,) treatment
phenomenon suggests thermally stable phosphate complexes having the ability to bind metals even
at reasonable temperature ranges and without any structural changes. On the other hand, weight loss
at 600°C or higher indicates that the treated soils are thermally durable. This stability suggests that
primary phase transitions and decomposition occur at lower absolute temperatures. Additionally,
Peaks in DTG curves represents Spectral density (DTG) plots explains distinct MgO peaks and wider
OPC and phosphate binder peaks. These observed peaks indicate heat processes such hydrate
dehydration and carbonate or metal-phosphate complex breakdown. Likewise, the MgO-treated
soil's high rise at 400-500°C shows brucite decomposition. The stable formation of metal-phosphate
compounds may explain the large peaks in phosphate-treated soils, which show more constant
thermal behaviour [52]. Also, [53] found that phosphate treatments can form lasting lead, cadmium,
and arsenic compounds. These compounds resist thermal degradation well. Phosphate-treated soils
have lower weight loss in TGA/DTG curves, indicating thermal stability and efficient immobilization.
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Figure 11. TGA (dashed lines) and DTG (solid lines) curves for multi-metal contaminated soils treated
with phosphate-based binders compared with OPC, MgO and CaO.

Conclusions

The conclusion of the present study provides evidences that Ordinary Portland Cement (OPC)
consistently outdoes as compared to other binding agents in the process of immobilizing heavy
metals, including Mn, Cd, Cu, Ni, and Zn. This superiority of OPC might be attributed mainly due
to its preeminent alkalinity and occurring of pozzolanic reactions, which simplify the physical
encapsulation and also formation of stable hydroxide complexes. Moreover, the effectiveness of
phosphate-based binders in heavy metal immobilization is limited, exclusively in the situation of
NasPO, and NaHsPO,, which displays more leaching owed to the development of soluble metal-
phosphate complexes. Besides, MgO and CaO also owns a restrained level of contaminants, even
they establish a progressive rise in leaching with time. Amongst these materials, CaO express more
prone to instability because of carbonation effects. Although ordinary Portland cement (OPC) is still
the most outstanding choice for structural applications for the reason that of its extraordinary
strength and capability to immobilize. While, binders based upon phosphate may be more
appropriate for applications that need thermal stability and smaller ultrafine particle size (UCS)
values. Whereas, the selection of the binder should be gritty by bearing in mind the equilibrium
between financial cost, environmental consequences, and the particular requirements of the project.
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